: ATP stoichiometries. The intracellular route is twice as economical as the extracellular route. Therefore the fraction of total Ca 2ϩ removed via the sarcoplasmic reticulum, i.e., the recirculation fraction of intracellular Ca 2ϩ (RF), determines the economy of myocardial Ca 2ϩ handling. RF has conventionally been estimated as the exponential decay rate of postextrasystolic potentiation (PESP). However, we have found that PESP usually decays in alternans, but not exponentially in the canine left ventricle beating above 100 beats/min. We have succeeded in estimating RF from the exponential decay component of an alternans PESP. We previously found that the Frank-Starling mechanism or varied ventricular preload did not affect the economy of myocardial Ca 2ϩ handling. Then, to account for this important finding, we hypothesized that the FrankStarling mechanism would not affect RF at a constant heart rate. We tested this hypothesis and found its supportive evidence in 11 canine left ventricles. We conclude that RF at a constant heart rate would remain constant, independent of the Frank-Starling mechanism. [Japanese Journal of Physiology, 51, [733] [734] [735] [736] [737] [738] [739] [740] [741] [742] [743] 2001] ocardium. The species difference between the dog [1, 2] and the cat [7] might be the cause, though. We therefore hypothesized that the Frank-Starling mechanism would retain RF at a constant heart rate in the more physiological, blood-perfused beating whole heart.
We tested this hypothesis in the present study. Although RF has conventionally been estimated from the exponential decay rate of postextrasystolic potentiation (PESP) [6, [8] [9] [10] [11] [12] , we could not apply this method to canine blood-perfused beating whole hearts for the following reason. In these hearts, PESP decays in alternans, but not monotonically, even at pacing rates of 100-120 beats/min under normothermia [4, [13] [14] [15] [16] [17] [18] [19] [20] [21] . We have therefore developed a new method to extract the exponential decay component from the alternans PESP and to calculate RF from the exponential decay rate [4, [13] [14] [15] [16] [17] [18] [19] [20] [21] . Using this method, we found that the estimated RF at a constant heart rate remained unchanged despite the Frank-Starling mechanism.
METHODS
Surgical preparation. This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health and by the Physiological Society of Japan. We performed 11 experiments, using the same excised, cross-circulated canine heart preparation that we have been using for years [1] [2] [3] [4] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Briefly, a pair of adult mongrel dogs, one as a metabolic supporter (body weight, 19.3Ϯ6.1 kg) and the other as a heart donor (12.8Ϯ2.0 kg), were premedicated with ketamine (25 mg/kg, I.M.) and atropine (0.25 mg/canine, I.V.). They were then anesthetized with pentobabital sodium (25 mg/kg, I.V.) and fentanyl (0.1-0.2 mg/h, I.V.). They were intubated, ventilated with respirators, and heparinized (10,000-15,000 units/dog, I.V.).
Bilateral common carotid arteries and the unilateral external jugular vein of the support dog were cannulated and connected to the arterial and venous crosscirculation tubes, respectively. After the chest of the donor dog was opened midsternally, the arterial and venous cross-circulation tubes from the support dog were cannulated into the left subclavian artery and the right ventricle, respectively, via the right atrial appendage of the donor dog. All the systemic and pulmonary vascular connections to the heart were ligated. The metabolically supported beating heart was excised from the chest of the donor dog under continuous cross-circulation from the support dog. We never interrupted the coronary perfusion of the excised heart during the surgical preparation.
The left atrium of the heart was opened and all the left ventricular chordae tendineae were cut. A complete atrioventricular block was made by chemical (0.2 to 0.5 ml injection of 36% formaldehyde solution) or electrical (direct current of 20-30 J) ablation of the His bundle [21] . We placed a bipolar pacing electrode on the upper portion of the ventricular septal endocardium via the left atrium for para-Hisian pacing.
A thin and flabby latex balloon with an unstretched volume of about 50 ml was mounted on a rigid connector and fit into the left ventricular chamber. After the connector was secured at the mitral annulus, the balloon was connected to our custom-made volume servo pump (AR-Brown, Tokyo, Japan). The balloon and the water housing of the servo pump were both primed with water. The servo pump allowed us to measure left ventricular volume (LVV) accurately and to control it precisely. The left ventricular pressure (LVP) was measured with a miniature pressure gauge (model P-7, Konigsberg Instruments, Pasadena, CA, USA) placed inside the apical end of the balloon. The pressure gauge was calibrated against the fluid-filled pressure transducer.
The left ventricular temperature of the excised heart was measured with a thermistor placed between the endocardium and the left ventricular balloon. It was maintained constant at 36°C by warming the arterial cross-circulation tube.
A left ventricular epicardial electrocardiogram was recorded with a pair of screw-in electrodes to trigger data acquisition. A monophasic action potential was recorded with an epicardial probe (Langendorff Probe, Boston Scientific Corporation, CA, USA) pressed on the left ventricular anterolateral epicardium. These signals were digitized at 2 ms intervals with an analog-to-digital converter, displayed on a computer, and stored on a hard disk.
The systemic arterial blood pressure of the support dog served as the coronary perfusion pressure of the excised heart. We successfully prevented the tendency toward hypotension and maintained systemic arterial pressure of the support dog stably around 90 mmHg by electrically stimulating Neiguan (PC-6) acupoints in the bilateral forearms [22] . We briefly inserted two stainless steel needles vertically into these acupoints between the tendons of the long palmar and radial flexor muscles of the wrists and 3 cm above their transverse creases. The stimulation was 5 V, 40 Hz, and 5 ms biphasic pulses. We infused I.V. whole blood reserved from the donor dog or 6% hydroxyethylated starch solution as needed.
Arterial pH, PO 2 , and PCO 2 of the support dog were repeatedly measured with a blood gas analyzer and maintained within their physiological ranges with supplemental O 2 and intravenous NaHCO 3 or by adjusting the ventilator setting. The left ventricle, including the septum, weighed 87.2Ϯ18.5 g and the right ventricle 35.8Ϯ7.6 g at the end of each experiment.
Protocols. We fixed the regular beat intervals at 500 ms (corresponding to 120 beats/min), because we have shown that RF changes with beat intervals of 400-600 ms (100-150 beats/min) [21] . The heart-rate dependent RF may disappear above the beat interval of 1,000 ms (60 beats/min), which enables complete mechanical restitution [6] . But this low heart rate did not stably continue in the heart preparation we used.
We inserted an extrasystole after 10 or more steadystate regular beats. The postextrasystolic beat intervals (PESIs) were 500 ms, equal to the regular beat interval. We allowed no compensatory pause in the 1st PESI. A stimulator controlled by a Lab VIEW 3.1 (National Instruments, TX, USA)-installed computer produced these pacing stimuli.
Under this pacing protocol, we changed LVV from 10 to 18 ml in 2 ml steps. At each LVV, we varied ESI from 300 to 400 ms in 20 ms steps. The same pacing protocol was repeated three times at each combination of LVV and ESI as soon as the steady-state regular beats were restored after 10-15 postextrasystolic beats.
Normalized contractility. To evaluate the beat-to-beat changes in left ventricular contractility during each PESP, we used the maximum or end-systolic elastance (E max ) of the left ventricle as a nearly load-independent index of ventricular contractility [1] [2] [3] [4] 23] . We calculated E max values of the 1st-6th postextrasystolic beats (PES1-6) as the ratio of (peak isovolumic LVP)/(LVVϪdead volume V 0 ). Here V 0 was obtained as LVV, at which peak LVP was zero. These E max values were normalized relative to the stable E max of the preceding regular beats. Because LVV remained unchanged in isovolumic contractions during each PESP, the normalized E max values were proportional to the peak isovolumic LVP.
Curve fitting. As the first step to calculate RF, we examined whether the normalized E max values of PES1-6 during each alternans PESP could be fit by the following equation at any LVV or ESI.
Here, n E max (i) is the normalized contractility of each of PES1-6 relative to the preceding regular beats; i is the ordinal number of postextrasystolic beats (iϭ1-6). Coefficient a is the amplitude constant of the monoexponential decay term (first term); b is the amplitude constant of the other exponential term multiplying the sinusoidal decay term (second term). Denominators e and s are the beat constants of the first and second exponential terms. Note that these two beat constants are dimensionless in number of beats, but not in time unit, e.g., ms. Last term 1 means the contractility level of the regular beats. n E max becomes 1 as both exp[Ϫ(iϪ1)/ e ] and exp[Ϫ(iϪ1)/ s ] decay to zero with an increasing beat number of the PESi.
We have developed Eq. 1 [14] as a modification of Morad's and Goldman's equation [6] and used it routinely [4, [15] [16] [17] [18] [19] [20] [21] . Although Eq. 1 may appear to be complex, it is the sum of two simple functions. The first term is the same exponential function that Morad and Goldman adopted to describe the exponentially decaying PESP [6] . We considered it appropriate to describe the monoexponential component of the alternans PESP [4, [14] [15] [16] [17] [18] [19] [20] [21] . The second term is a cosine function multiplied by another exponential function that we considered appropriate to describe the damped oscillatory component of the alternans PESP [4, [14] [15] [16] [17] [18] [19] [20] [21] . The background and rationale of this equation are explained in more detail in APPENDIX 1.
Recirculation fraction (RF).
We then calculated RFϭexp(Ϫ1/ e ) from the best-fit e in each alternans PESP, as in our previous studies [4, [14] [15] [16] [17] [18] [19] [20] [21] . Although RF is obtained from PESP, it quantifies the fraction of total amount of released Ca 2ϩ that is sequestered by SR without being extruded via the sarcolemma in steady-state regular beats (see APPENDIX 1) [6] . We had to use this indirect method to estimate RF from PESP because no method was available to determine RF directly in steady-state regular beats. Since RF is dimensionless, e in exp(Ϫ1/ e ) must be dimensionless in number of beats, but not in time unit (ms).
Data analyses. We performed a curve fitting of Eq. 1 by the least-squares method on a Lab VIEW 3.1-installed computer to obtain a, b, e , and s . We compared these best-fit values and RF among different LVVs and ESIs. The goodness of the curve fit was evaluated by the correlation coefficient (r) of the best fitting. We discussed more about the goodness of this fit in APPENDIX 2.
Monophasic action potential. We compared monophasic action potential curves among the preceding regular beats, extrasystole, and postextrasystolic beats at different LVVs and ESIs, as in our previous study [21] .
Statistics. We compared best-fit a, b, e , s , and RF values at a constant heart rate of 120 beats/min among different LVVs and ESIs by a two-way analysis of variance (ANOVA) [24] . Only when ANOVA was significant (pϽ0.05) did we perform multiple comparisons between different LVVs and ESIs by the Bonferroni t-test [24] . We also compared monophasic action potential durations at 90% repolarization among the 1st-3rd preceding regular beats, extrasystole, and 1st-6th postextrasystolic beats by the same method. We used StatView 4.5 (Abacus Concepts, Inc., Berkeley, CA, USA) to perform these statistics.
RESULTS
Left ventricular pressure Figure 1 shows a representative set of the LVV tracings of the last three regular beats (R3-1), the extrasystole (ES), and the 1st-6th postextrasystolic potentiated beats (PES1-6) and a few more beats in one heart. LVV was 10 ml in panels A and C and 18 ml in panels B and D. ESI was 300 ms in panels A and B and 400 ms in panels C and D. At any combinations of LVV and ESI, postextrasystolic transient alternans disappeared by PES6. We observed essentially the same transient alternans pattern at all LVVs and ESIs in all hearts.
The Frank-Starling mechanism is obvious in Fig. 1 . Regular beats had a greater peak isovolumic LVP at a greater LVV (panels B and D compared to panels A and C, respectively). All hearts showed essentially the same results. As the results demonstrate, increasing LVV to 18 ml, from 10, increased the LVP of steadystate regular beats to 82Ϯ22 mmHg (meanϮSD), from 39Ϯ16, on average. We limited LVV below 18 ml and then steady-state LVP below 100 mmHg because LVV above 20 ml and then LVP above 100 mmHg could be accompanied by PES1 above 200 mmHg, causing herniation of the intraventricular balloon. E max values corresponding to these peak isovolumic LVPs were 7.6Ϯ2.4 mmHg/ml on the average after pooling all beats for different LVVs and ESIs in the 11 hearts. This indicated that these hearts had reasonably normal levels of contractility. Simultaneously, both ES and PES1-6 at a given ESI had greater LVPs at a greater LVV as another manifestation of the Frank-Starling mechanism.
At a given LVV, PES1-6 values were greater at a shorter ESI (panels A and B compared to panels C and D, respectively). Increasing ESI to 400 ms, from 300, in 20 ms steps decreased LVP of PES1 without changing the LVP of regular beats. With the increased ESI, the LVP of PES1 decreased to 92Ϯ101 mmHg, from 122Ϯ66, at LVV of 10 ml, and to 133Ϯ90 mmHg, from 175Ϯ58, at LVV of 18 ml. The increased LVP with LVV at a given ESI is also a manifestation of the Frank-Starling mechanism. Figure 2 shows a representative set of the normalized contractilities ( n E max , solid circles) of alternans PESP decays at four different combinations of LVV and ESI in the same heart shown in Fig. 1 . The figure also shows the Eq. 1 curves (solid) that best fit these n E max data and their exponential (dashed) and oscillatory (dotted) components. All other combinations of LVV and ESI in this heart yielded similar alternans. All the other hearts also yielded similar alternans. Thus all the left ventricles exhibited alternans PESP decays at any LVVs and ESIs. We never encountered a monotonically decaying PESP.
PESP decay pattern
Correlation coefficients obtained by fitting Eq. 1 to the alternans PESP decays were 0.9998Ϯ0.0004 in the 11 hearts, always almost unity at any LVV and ESI. The pacing protocol consisted of a steady-state regular beats (R3, R2, R1) at 500 ms intervals, and one ES and a postextrasystolic beats (PES1-6) at the same 500 ms intervals. No compensatory pause was provided between ES and PES1. The left ventricular volume (LVV) was either 10 ml (panels A and C) or 18 ml (panels B and D). The extrasystolic beat interval (ESI) was either 300 ms (panels A and B) or 400 ms (panels C and D).
Thus Eq. 1 always excellently fit the alternans PESP decays, confirming the consistent findings in our studies [4, [14] [15] [16] [17] [18] [19] [20] [21] .
The normalized amplitude of the alternans relative to the steady-state contractility level decreased considerably as LVV increased to 18 ml, from 10, at either ESI of 300 ms and 400 ms. At the same LVV, the normalized amplitude of the alternans also decreased as ESI increased to 400 ms, from 300. All hearts showed similar results. Fig. 1 and their two components: exponential (dashed) and oscillatory (dotted) curves. The ordinates show normalized contractility ( n E max ) relative to the contractility of the regular beats. The abscissas show the six postextrasystolic beats (PESi, iϭ1-6). The two component curves are drawn above the unity normalized contractility (i.e., n E max ϭ1). The inset lists the best-fitting a, b, e , s , and r values. The left ventricular volume (LVV) was either 10 ml (panels A and C) or 18 ml (panels B and D). The extrasystolic interval (ESI) was either 300 ms (panels A and B) or 400 ms (panels C and D). Each plot shows meanϮSD (dimensionless) of a or b value at a specific combination of LVV and ESI in the 11 hearts. The regular and postextrasystolic beat intervals were 500 ms. LVV was changed to 18 ml, from 10, in 2 ml steps. At each LVV, ESI was changed to 400 ms, from 300, in 20 ms steps. Symbols on LVV and ESI indicate the following statistical significance of the changes in a and b. * pϽ0.0033 relative to ESI of 300 ms; † pϽ0.0033 relative to ESI of 320 ms; pϽ0.0033 relative to ESI of 340 ms; § pϽ0.0033 relative to ESI of 360 ms; # pϽ0.005 relative to LVV of 10 ml; and ‡ pϽ0.005 relative to LVV of 12 ml. Two-way repeated measures analysis of variance and Bonferroni t-test were used.
LVVs and ESIs in the 11 hearts. e changed with neither LVV nor ESI. However, s increased significantly, but only slightly with increasing LVV. Figure 5 plots the pooled data of RFϭexp(Ϫ1/ e ) at all LVVs and ESIs in the 11 hearts. Like e , RF at the constant heart rate did not significantly change with LVV and ESI, though the alternans magnitude changed considerably (Figs. 1-3) . Therefore the FrankStarling mechanism affected neither e nor RF at any ESIs.
Recirculation fraction (RF)

Monophasic action potential
We found virtually no change of the shape, height, or width of the monophasic action potential curves among the preceding regular beats and postextrasystolic beats in each heart. Only the extrasystolic beat had smaller height and width of the monophasic action potential curve than the other beats. Figure 6 plots the pooled data of monophasic action potential duration at 90% repolarization (APD90) of the 1st-3rd preceding regular beats, extrasystole, and 1st-6th postextrasystolic beats at an LVV of 16 ml in a heart. Here the data at varied ESIs from 300 to 400 ms in 20 ms steps were pooled. All beats except the extrasystole had almost the same APD90. Only the extrasystole always had the shortest APD90 of all the beats. Although APD90s of the 1st-3rd postextrasystolic beats showed a little transient alternans, their changes were statistically insignificant. The other hearts showed essentially the same results regardless of LVV and ESI. No heart showed a significant electrical alternans. This confirmed our previous observa-J. MIZUNO et al.
Fig. 4. Constancy of beat constant e (Eq. 1), regardless of left ventricular volume (LVV) and extrasystolic beat interval (ESI) (panel A). Slight increases in beat constant s with LVV and constancy of s , regardless of ESI (panel B).
Each plot shows meanϮSD in the 11 hearts. The regular and postextrasystolic beat intervals were 500 ms. LVV was changed from 10 to 18 ml in 2 ml steps. At each LVV, ESI was changed to 400 ms, from 300, in 20 ms steps. No significant difference existed among either e or s values at different ESIs. The symbols on LVVϭ18 ml in panel B indicate the following statistical significance of s .
# pϽ0.005 relative to LVV of 10 ml; ‡ pϽ0.005 relative to LVV of 12 ml; and pϽ0.005 relative to LVV of 14 ml. A two-way repeated measures analysis of variance and a Bonferroni t-test were used.
Fig. 5. Constancy of recirculation fraction, RF‫؍‬ exp(؊1/ e ), at different left ventricular volumes (LVV) and extrasystolic beat intervals (ESI).
Each plot shows meanϮSD in the 11 hearts. The regular and postextrasystolic beat intervals were 500 ms. LVV was changed to 18 ml, from 10, in 2 ml steps. At each LVV, ESI was changed to 400 ms, from 300, in 20 ms steps. No significant difference existed among RF values at different LVVs and ESIs by a two-way repeated measures analysis of variance and a Bonferroni t-test. MeanϮSD of RF were 0.49Ϯ0.07.
tion [21] .
DISCUSSION
Frank-Starling mechanism. The most important finding in this study is that the Frank-Starling mechanism [25] did not affect RF (recirculation fraction of intracellular Ca 2ϩ ) at a constant heart rate. This mechanism underlies the increasing peak isovolumic LVP with increasing LVV under a given inotropism. The essence of the Frank-Starling mechanism is the myocardial length-dependent increase in the Ca 2ϩ responsiveness of the contractile machinery [26] . Although the Frank-Starling mechanism would also increase sarcoplasmic Ca 2ϩ in isolated myocardium [27] , our previous O 2 consumption study suggested no significantly increased Ca 2ϩ handling in the left ventricle of beating whole hearts [28] . Therefore no change in RF at a constant heart rate with the FrankStarling mechanism seems to indicate that the RF is independent of the increasing Ca 2ϩ responsiveness of the contractile machinery with increasing preload.
Whether RF at a constant heart rate is independent of the Frank-Starling mechanism has been controversial. RF was independent of muscle length in guinea pig papillary muscle [11] , whereas RF decreased significantly with increases in muscle length in isolated rat myocardium at a constant pacing rate [8] . These contradicting results may suggest species-dependence of the Frank-Starling effect on RF. The decreasing RF in the Frank-Starling mechanism [8] could reasonably account for the increasing O 2 demand for E-C coupling with increasing muscle length that Cooper et al. reported [7] . However, neither of these results supports our present hypothesis that RF at a constant heart rate would be insensitive to the Frank-Starling mechanism in the blood-perfused canine heart. Therefore the present study is the first to validate our present hypothesis.
Extrasystolic interval. ESI determines both the extrasystolic mechanical restitution of the extrasystole and the postextrasystolic potentiation of the first postextrasystolic beat at a given preload [29, 30] . Decreasing ESI increases Ca 2ϩ available to the first potentiated beat [29, 30] . Amplitude coefficients a and b increased with decreasing ESI (Figs. 2 and 3) . This occurred at a constant LVV independent of the FrankStarling mechanism. We would therefore speculate that the increased Ca 2ϩ during PESP increased the amplitudes of the monoexponential and oscillatory components relative to the contractility of the steadystate regular beats.
With this background, our present results indicate that RF at a constant heart rate remains constant despite considerable changes in myocardial Ca 2ϩ with ESI. The sum of a and b represents the amplitude of the first postextrasystolic beat relative to the preceding regular beats [21] . Therefore the result suggests that RF at a constant heart rate also remains unchanged regardless of the beat-by-beat changes in total amount of released and bound Ca 2ϩ in sarcoplasma during PESP at any LVV and ESI. In other words, we could consider that myocardial Ca 2ϩ handling works as a linear system for varied total released Ca 2ϩ
. If the system were nonlinear, such a constant RF could not been obtained.
Preload-dependent s . Like e , s was independent of ESI as well as a and b at a given LVV (Fig.  3) . This suggests that s is independent of the total released and bound Ca 2ϩ that changes with ESI. Unlike the preload-independent e , however, s increased significantly with LVV (Fig. 4) . This suggests that s characterizes myocardial Ca 2ϩ handling that e could not. In our previous studies, s remained unchanged even when e decreased markedly with stunning and ryanodine [15, 18, 20] , whereas both e and s decreased with 2,3-butanedione monoxime [31] . Therefore the present study is the first case of an in-Recirculation Fraction of Myocardial Ca 2ϩ Fig. 6 . Representative plots of mean؎SD of the left ventricular epicardial monophasic action potential duration at 90% depolarization (APD90) of the three preceding regular beats (R3-1), an extrasystole (ES), and the 1st-6th postextrasystolic beats (PES1-6) in one canine left ventricle. The regular and PES1-6 beat intervals were fixed at 500 ms. The left ventricular volume was 16 ml. The data with extrasystolic interval (ESI) changed to 400 ms, from 300, in 20 ms steps were pooled. A single asterisk at ES indicates significant differences (* pϽ0.0001) of the APD90 of ES from all the APD90s of the other beats, as analyzed by a one-way repeated measures analysis of variance and a Bonferroni t-test. The slight APD90 alternans over PES1-3 was insignificant (NS, pϾ0.05), though there seems to be slight alternans.
creased s with a physiological intervention. We had speculated that s reflects primarily Ca 2ϩ handling within SR and assumed so in our Ca 2ϩ handling model [4, 18] . Therefore the increasing s with LVV suggests that stretching myocardium somehow decelerates the Ca 2ϩ handling within SR. The deceleration may result from either a lengthened diffusion pathway or a delayed availability of Ca 2ϩ for the next release after the last sequestration [5] . An elucidation of this mechanism is beyond the present aim.
Alternans PESP. The study has shown that PESP always decays in alternans regardless of LVV and ESI. The present hearts were neither ischemic nor hypothermic, and the PESP alternans always disappeared in PES6, as in our previous studies [13] [14] [15] [16] [17] [18] [19] [20] [21] . The heart rate (100-150 beats/min) was not high enough (Ͼ180-200 beats/min) to cause sustained alternans under physiological conditions, as in our previous studies [13] [14] [15] [16] [17] [18] [19] [20] [21] . Therefore the present results broaden the generality of our consistent finding that the representative decay of PESP is alternans in canine hearts under physiological conditions [13] [14] [15] [16] [17] [18] [19] [20] [21] . This contrasts with conventional views [8] [9] [10] [11] [12] .
Monophasic action potential. No significant alternans of the shape, height, or width of the monophasic action potential over PES1-6 (Fig. 6) suggests that electrical alternans and thus Ca 2ϩ influx alternans contributed little if any to the transient mechanical alternans. Only ES had a shorter monophasic action potential. These results confirm our previous results [18] . From the small electrical alternans, we would speculate that the oscillatory decay component of the transient alternans PESP predominantly reflects the Ca 2ϩ handling via SR. This speculation is consistent with the simulated transient alternans as the result of a Ca 2ϩ releasability delay within SR [32] [33] [34] . Limitations. The present study has several limitations. First, the RF values we obtained are indirectly estimated with no direct confirmation because of the methodological limitation. The development of a more direct method is definitely warranted.
Second, the estimation of RF is model-dependent. Our model is an extrapolation of the Morad and Goldman model [6] . They made their model under several assumptions [6] . We tacitly assumed those in our model and then in Eq. 1. Direct pieces of evidence remain to support these assumptions.
Third, we cannot totally negate electrical alternans during PESP (Fig. 6) . If so, RF may be determined essentially by e and trivially by s , but not entirely by e . This possibility remains to be examined. Fourth, we fixed the regular beat interval at 500 ms and changed ESI within a relatively narrow range (300-400 ms). We confirmed our previously observed dominance of the alternans PESP decay over regular beat intervals of 400-600 ms and ESI of 320-500 ms [21] . The generality of the constancy of RF at a constant heart rate remains to be studied at different regular beat intervals and ESIs. We have observed that RF decreases with increasing heart rate above 100 beats/min [21] .
Despite these limitations, we had to use the present RF estimation because no alternative method was available in the beating heart under physiological conditions. Therefore the present results will facilitate a better understanding of the interesting but unknown aspects of the Frank-Starling mechanism in the beating heart.
Conclusion. The present study has shown that the Frank-Starling mechanism little affects the recirculation fraction of intracellular Ca 2ϩ (RF) at a constant heart rate in the canine left ventricle beating under the physiological, but limited, conditions we tested. The RF is also independent of the ESI. This suggests that the Frank-Starling mechanism virtually retains the RF at a constant heart rate and then the economy of myocardial Ca 2ϩ handling. fig.  20 ). We assumed this proportionality to hold during the postextrasystolic contractility changes, as assumed by previous investigators [5] [6] [7] [8] [9] [10] [11] . The total amount of released and removed Ca 2ϩ related to RF is of the order of 10-100 mol/kg, which is 50-100 times greater than the free Ca 2ϩ or Ca 2ϩ transient of the order of 0.1-2 mol/l [5, 27] .
The total amount of sarcoplasmic Ca 2ϩ recruited for each E-C coupling consists of two fractions [5, 6] . The major Ca 2ϩ fraction is released from SR into sarcoplasma and sequestered into SR by its Ca 2ϩ pump in each contraction [5, 6] . This fraction is the recirculation fraction (RF) [4, 6] . The other, minor, Ca 2ϩ fraction enters the sarcoplasma transsarcolemmally primarily via the Ca 2ϩ channel and secondarily via the reverse mode of the Na ϩ /Ca 2ϩ exchange [5, 6] . This fraction is extruded primarily via the forward mode of the Na ϩ /Ca 2ϩ exchange and auxiliarily via the sarcolemmal Ca 2ϩ pump [5, 6] . These intracellular and extracellular Ca 2ϩ fractions are considered to be balanced under Ca 2ϩ homeostasis, and thus RF is considered to be constant in steady-state regular beats [5, 6] .
Despite the conceptual clarity, no method has been developed to determine RF directly in steady-state beats [4] [5] [6] . The standard approach to estimate the RF indirectly is to analyze the decay rate of the potentiated beats after perturbing the Ca 2ϩ homeostasis by inserting an extrasystole [6, [8] [9] [10] [11] [12] . This analysis has two conventional methods, though applicable only to the monotonically or exponentially decaying PESP.
One is the slope method in which contractilities of PES2-6 are plotted on the ordinate against those of the preceding potentiated beats (PES1-5) on the abscissa [6, [8] [9] [10] [11] [12] 33] . The plots aligned linearly toward the regular beat point (not shown). This linear relationship means that both contractility and released Ca 2ϩ have a constant decay rate over PESP toward the regular beat level [6] . The slope of this relation, i.e., (contractility of PES(iϩ1)Ϫregular beat contractility)/ (contractility of PESiϪregular beat contractility), represents RF and its constancy not only in PESi, but also in the adjacent regular beats [6] . The linear slope and the constant RF indicate theoretically that the PESi decays exponentially [6] .
Consequently, the other way is to fit an exponential curve, a · exp[Ϫ(iϪ1)/], to PESi (iϭ1-6) above the regular beat level, or a · exp[Ϫ(iϪ1)/]ϩ1 to PESi per se. Here represents the constant decay rate [6] . Then RF is calculated as exp(Ϫ1/) [6, 10] .
However, neither of these methods is applicable to the alternans PESP that we observed consistently in canine hearts in the present and previous studies [4, [13] [14] [15] [16] [17] [18] [19] [20] [21] . Therefore we had to devise a new equation (Eq. 1 in METHODS) [14] . Since then we have performed analyses to confirm the feasibility of Eq. 1 based on our Ca 2ϩ handling model [4, 21, 33] . The important assumption in this model is that the oscillatory component of the PESP is exclusively attributable to SR, and therefore RF is independent of the oscillatory component [33, 34] . We considered this assumption reasonable for the following reasons. First, the monophasic action potential showed no significant, or little if any, electrical alternans in the present study (Fig. 6 ) or in previous studies [21] . Therefore we could assume almost no alternation of Ca 2ϩ influx. Second, we have previously found that RF at a constant heart rate (100, 120, or 150 beats/min) is constant despite the widely changed magnitude of the oscillatory component (i.e., b of the second term in Eq. 1) with increasing ESI from 320 to 500 ms [21] .
In our Ca 2ϩ handling model and Eq. 1 [4] , e is primarily related to the relative amounts of Ca 2ϩ removed by the intracellular route (primarily SR Ca , but also to Ca 2ϩ sensitivity and responsiveness. We would consider that RFϭexp(Ϫ1/ e ) is not affected by the changes in Ca 2ϩ sensitivity and responsiveness in the Frank-Starling mechanism as long as they are unchanged over each set of regular beats, an extrasystole, and the following PESP. Nevertheless, the feasibility of our integrative model of Ca 2ϩ handling remains to be fully validated by the future integrative analysis of all the elements involved in Ca 2ϩ cycling in intact cardiac muscle beating under physiological conditions [35] .
